We determined the crossover (CO) distribution, frequency and genomic sequences involved in interspecies meiotic recombination by using parent-assigned variants of 52 F 6 recombinant inbred lines obtained from a cross between tomato, Solanum lycopersicum, and its wild relative, Solanum pimpinellifolium. The interspecific CO frequency was 80% lower than reported for intraspecific tomato crosses. We detected regions showing a relatively high and low CO frequency, so-called hot and cold regions. Cold regions coincide to a large extent with the heterochromatin, although we found a limited number of smaller cold regions in the euchromatin. The CO frequency was higher at the distal ends of chromosomes than in pericentromeric regions and higher in short arm euchromatin. Hot regions of CO were detected in euchromatin, and COs were more often located in non-coding regions near the 5 0 untranslated region of genes than expected by chance. Besides overrepresented CCN repeats, we detected poly-A/T and AT-rich motifs enriched in 1-kb promoter regions flanking the CO sites. The most abundant sequence motifs at CO sites share weak similarity to transcription factor-binding sites, such as for the C2H2 zinc finger factors class and MADS box factors, while InterPro scans detected enrichment for genes possibly involved in the repair of DNA breaks.
INTRODUCTION
Meiotic recombination is a key biological process that generates genetically different haploid gametes in germ cells by reshuffling segments from the parental chromosomes. Understanding the genomic features determining the location and frequency of crossovers (COs) is of both fundamental importance for population genetics and chromosome evolution and practical importance for breeding. Breeders rely on homo(e)ologous meiotic recombination to generate allelic variation in crop species from their wild relatives such as in tomato, in a process known as introgression hybridization breeding. In many cases introgressive hybridization breeding is a time-consuming and costly process. Usually, recombination involves the reciprocal exchange of large chromosome fragments (crossovers) that, besides favourable genes, may also include additional unwanted genes. Breeders aim to maintain the chromosomal regions of interest while removing the unwanted traits from the wild relative by recurrent backcrossing with the crop, followed by trait selection. However, crossing barriers and linkage drag are well-known phenomena that limit the use of wild germplasm. Our objective is to identify key genomic features determining the position and frequency of meiotic CO. These can assist in the selection of compatible breeding parents that can be used for efficient recombination of chromosomal regions with favourable traits.
Previously, recombination for members of the tomato clade has been extensively studied. For Solanum lycopersicoides 9 Solanum lycopersicum hybrids the interspecies recombination rate was found to be 10% of the intraspecies recombination frequency (Canady et al., 2006) , while recombination within segments derived from Solanum pennellii and Solanum hirsutum was at 15-30% of intraspecies levels (Van Wordragen et al., 1996; Monteforte and Tanksley, 2000) , consistent with the notion that the frequency of interspecies recombination in the tomato clade is correlated with the degree of sequence divergence (Canady et al., 2006) . The recombination frequency for S. lycopersicum 9 S. pennelli hybrids has been determined using a RFLP analysis (De Vicente and Tanksley, 1991) , and in S. lycopersicum 9 S. lycopersicum crosses by counting recombination nodules in stained paired homologous chromosomes at the pachytene stage of prophase I (Stack and Anderson, 1986; Sherman and Stack, 1995) . According to these studies, recombination events in homologous segments usually begin and accumulate at the distal ends of the chromosomes where euchromatin is lightly packed and is suppressed or even absent in the distal heterochromatin and the large pericentromere regions. Using chromosome-arm-specific probes Anderson et al. (2014) showed synapsis was more often initiated from long arms than from short arms. Early synapsed segments predominantly contained MLH1-positive recombination nodules (RNs) correlating with a higher proportion of class I (interference dependent) COs compared with late synapsed chromosome segments (short arms and pericentromere) in which more MLH1-negative recombination nodules were found. In human, mouse and plants there are recombination 'hotspots' consisting of regions of 1-10 kb (McVean et al., 2004; Drouaud et al., 2013) , implying that homologous meiotic recombination generally occurs at non-random locations (Lichten and Goldman, 1995; Kauppi et al., 2004) . In contrast, recombination occurs without any hotspots in Drosophila species (Heil et al., 2015) , suggesting that recombination machineries operate differently between organisms.
In Arabidopsis thaliana and Zea mays sequence motifs have been found enriched in recombination sites. These include poly-A stretches and a CTT/GAA palindromic repeat in A. thaliana and a few diverse motifs in maize (Choi et al., 2013; Wijnker et al., 2013; Rodgers-Melnick et al., 2015) . Moreover, homologous meiotic recombination in Arabidopsis and yeast was found around transcription start sites (TSSs) in promoter regions and nucleosome-depleted chromatin-accessible regions (Pan et al., 2011; Choi et al., 2013; Wijnker et al., 2013; Shilo et al., 2015) , suggesting that open chromatin provides 'windows of opportunity' for recombination (Heil et al., 2015) . In maize, specific hotspots, such as in the Bronze and a1 domains, have been detected in gene-rich regions (Brown and Sundaresan, 1991; Fu et al., 2001) . Nonetheless, until now detailed information on sequence motifs and CO position with nucleotide-level resolution for homeologous chromosomes has not been reported for species in the tomato clade. Furthermore, information on proteins that are involved in binding of specific DNA sequences at hotspots of recombination is limited. In humans, apparently, 40% of meiotic recombination hotspots involve a histone lysine N-methyltransferase protein PRDM9 (Myers et al., 2010; Parvanov et al., 2010) , a member of the C2H2 zinc finger gene family that is associated with a 13-mer sequence motif. No PRDM9 homologue or other factors determining recombination hotspots in homeologous chromosomes, such as specific sequence elements, have been identified in plants as of yet (Bauer et al., 2013) .
Here we report on the identification of COs in homeologous chromosomes, their frequency and distribution, local sequence features and chromosome topological context involved in tomato hybrids, by analysing 60 F 6 generation recombinant inbred lines (RILs) obtained from a cross between S. lycopersicum cv. Moneymaker (crop tomato) and a wild relative, Solanum pimpinellifolium. Mapped CO sites and identified hot regions and their genomic features show: (i) overrepresented sequence motifs and repeats at recombination sites; (ii) a non-random CO distribution with respect to hot and cold regions; and (iii) gene features suggesting a potential relation between recombination and transcription.
RESULTS

Heterozygosity
We found 3 893 390 discriminative alleles between the S. lycopersicum Moneymaker and S. pimpinellifolium RIL parents. After applying a strict heterozygosity filtering in the haplotyping step, the average density was 1.2-4.7 kb À1 . This is in agreement with the single nucleotide polymorphism (SNP) density of 0.03 and 0.58% that was previously found for the Moneymaker and S. pimpinellifolium RIL parents, respectively, when compared with the S. lycopersicum cv. Heinz reference genome (Aflitos et al., 2014) . We observed 10% of heterozygosity on average in 60 F 6 RILs (Table S1) , which was significantly higher than the expected 3%. Previously, RILs from a cross between S. lycopersicum cv. UC204B and Solanum cheesmaniae showed an average heterozygosity level of 15% in the F 7 generation, which was significantly higher than the expected 1.5% (Paran et al., 1995) . Cross-pollination between the inbred lines could have caused the (re)introduction of heterozygosity in these RILs. Alternatively, a higher level of heterozygosity could have been the result of selection against parental allele combinations during RIL propagation. Taking into account possible effects arising from cross-pollination, eight F 6 RILs exceeding 15% heterozygosity were excluded, leaving 52 RILs for subsequent detection of recombination events.
Crossover distribution and frequency
Since we could not determine the precise CO site down to the nucleotide level, we delineated CO regions based on the observed discriminating alleles and inferred haplotype shifts. In total we detected 1015 such regions with an average interval length of 1577 AE 1660 bp (median 1063 bp) (Data S2). The length distribution of the CO region is shown in Figure 1 (a). These regions are nearly uniformly distributed over the chromosomes in the euchromatin (Figure 1b) , although this distribution is not uniform when normalized by euchromatin length. A higher CO frequency is apparent in most of the short arms ( Figure 1c ). We next inferred the CO landscape for each of the 12 chromosomes in 52 RILs. Figure 2(a) illustrates the consecutive set of parental blocks from which the CO profile for chromosome 6 was inferred. The profiles for the other 11 chromosomes are displayed in Figure S1 . In general, COs clearly accumulate distally on both arms of each chromosome, where euchromatin is present, while other so-called 'cold regions' particularly found in heterochromatin are almost devoid of CO. For example, a large heterochromatic cold region spanning 29.7 Mb is indicated by a double-headed red horizontal arrow in the density plot overlapping with the pericentromeric region of chromosome 6 (Figure 2b , c), confirming previous reports that heterochromatin is largely devoid of recombination (Sherman and Stack, 1995; The Tomato Genome Consortium, 2012) . In the other chromosomes, the large pericentromeric heterochromatic regions were also devoid of COs ( Figure S1c ). In addition, we found 122 euchromatic cold regions larger than 100 kb ( Figure 3 , Table S2 ). Nevertheless, 51 COs occur in heterochromatic regions, although most of these appear close to the euchromatinheterochromatin borders. A few small domains with COs were observed in the pericentromere of chromosomes 2 and 12, far from euchromatin-heterochromatin borders (Figures 2 and S1 ). One possible explanation could be that the CO has taken place within small euchromatic islands of genes in the pericentromere. Indeed, earlier studies indicated substantial numbers of transcribed genes in pericentromere regions (Peters et al., 2009; The Tomato Genome consortium, 2012) . Furthermore, we identified seven significantly CO-dense regions, so-called 'hot regions', in tomato chromosome arms 1L, 3S, 3L, 6S, 6L, 9L and 12L (Figures 3 and S2 ) of which, for example, a region of 100 kb in chromosome 6L comprised six CO events. These hot regions could potentially arise from erroneous SNP calling, for example caused by transposable elements, resulting in structural variation (Qi et al., 2013) . However, we did not find DNA transposon footprints at the hot regions. To further rule out false positives, regions that contain multiple COs (n = 49), including the seven hot regions, were assessed for repetitive domains. The coverage of each region to which multiple COs map was compared with the average genome coverage for both S. lycopersicum cv. Moneymaker and S. pimpinellifolium RIL parents (Table S3) . Results do not point to copy number variation in the corresponding regions, suggesting that the parent-assigned variants (PAVs) originate from unique parental genomic regions that were faithfully mapped for each of the 49 recombination regions. In contrast, no CO was observed in a small euchromatic region at 40.5-42.5 Mb of chromosome 6L (Figure 2b ). Previously, this region was identified as an introgression from S. pimpinellifolium into the S. lycopersicum Heinz and Moneymaker accessions (Aflitos et al., 2015) . Also for the chromosome 3L region at 64.6-67.0 Mb we could not detect COs, which perhaps represents another introgression from S. pimpinellifolium. The number of SNPs between the two parents in these euchromatic regions (Figures 2d and S1) is very low, apparently restricting the power to detect recombination events. Interestingly, a few small cold regions of 1-2 Mb in size with a density of 4 SNP kb À1 were observed in chromosomes 5, 7 and 10 ( Figure S1 , Table S2 ). Although we currently lack detailed information, structural differences could prevent proper chromosome pairing and recombination in these domains, although the relatively low SNP density would argue against that. Alternatively, these domains might perhaps comprise protected blocks of genes that suppress recombination between homeologous chromosomes .
Annotation of CO sites
Sequence motifs, protein domains and genomic features. To detect motifs that are enriched in the CO regions, we analysed the sequences of the 453 out of the 1015 total of CO regions harbouring at least one CO with a maximum length of 1 kb, using both discriminative and nondiscriminative motif searches. A significant enrichment of 16 motifs was observed. Among these, poly-A, poly-T and poly(AT) stretches were detected at high frequencies (453/ 453, E = 3.1 9 10
À116
; 282/453, E = 3.8 9 10 À122 ; 227/453, E = 2.6 9 10 À34 , respectively) by the non-discriminative MEME algorithm ( Figure 4a ; MEME motifs 1 and 2). In addition, we found a CCN repeat motif at intermediate frequency (143/453, E = 1.2 9 10 À82 ). Using the discriminative DREME algorithm, six AT-rich motifs were found with Pvalues less than 10 À9 (Figures 4a and S3 ). These were weakly, though significantly, similar to a few different transcription factor (TF)-binding motifs found in the JASPAR motif database (Table S4) , in particular C2H2, MADS box and homeodomain motifs.
To assess a possible correlation between recombination and characteristic genome features, the location of CO regions was compared with the annotated tomato reference genome. As shown in Figure 4 genes (P < 0.05), with the highest frequency within 1000 bp upstream of the TSS, suggesting that the recombination machinery prefers promoters and intergenic regions in general over gene body domains.
To investigate whether CO regions occur preferentially in the neighbourhood of specific types of genes, we examined genes in these regions for an InterPro domain and Gene Ontology (GO) term enrichment. The GO term enrichment scan revealed a significant GO term, outer membranebounded periplasmic space (GO:0030288). However, we failed to see any relationship of this term to meiotic recombination. Furthermore, we found three InterPro domain types (IPR018248, IPR004305 and IPR011598), occurring 20 times in CO regions out of 1344 genes in CO regions that have an InterPro domain. This corresponds to a 50% enrichment compared with the IPR domain containing genes outside CO regions. Interestingly, these IPR domains are associated with DNA damage repair functions and nontranscriptional control of DNA replication. However, although a signal for enrichment was detected, the P-value corrected for multiple testing was just below threshold when compared against random recombination sets. (a) The AARAADAARAWRAAA, WWTWWWTWTWWWTWWWWWTWT and WWWTWTWTTTTAWAWWWWWAA motifs were discovered with MEME, while the TAHATATA motif (E = 1.5 9 10 À4 , P = 1.0 9 10 À11 ) was found overrepresented by DREME. 
DISCUSSION
Recombination frequency
Repair of double-stranded breaks (DSBs) usually results in interfering and non-interfering COs, and non-COs. In this study, we mapped regions with CO resulting from interspecific meiotic recombination down to the SNP level in 52 genome sequences of F 6 tomato RILs from S. lycopersicum and S. pimpinellifolium crosses. We determined both the frequency and the approximate position of CO sites and analysed regions with respect to their annotated positions in the tomato reference genome to identify key genomic features involved in meiotic recombination of homeologous segments. The majority of the initiating events of meiotic recombination in our RILs were resolved into nonCOs (M ezard, 2006; M ezard et al., 2007; Lohmiller et al., 2008; Anderson et al., 2014) , manifesting either as genetically detectable short gene conversions (25-50 bp) or as silent non-COs (M ezard, 2006; M ezard et al., 2007; Wijnker et al., 2013) . The detection of these non-COs, however, was not feasible as our approach depended on genomic regions displaying at least 200 PAVs.
We used strict parameters to limit the number of false positives. As a result, our identification algorithm is likely to have found fewer COs than have actually occurred, although with few false positives. We investigated whether assembly gaps were overrepresented in regions with recombination events, but we did not find a bias when testing against the random background set. We observed approximately 2% of CO events sharing the same upstream or downstream border SNP, respectively. Whether these represent co-occurring COs, or COs in the same region although at different positions, we currently cannot determine.
An important question to address is how representative our results are. The CO frequency obtained for each chromosome indicates that the observed homeologous CO frequency (1.9/5 = 0.38 CO per chromosome per generation) is consistent with the lower homeologous CO rate found in S. lycopersicoides (LA2951) 9 S. lycopersicum hybrids (Canady et al., 2006) and far less (80% less, or 20% of intraspecies CO) than the 1.8 homologous CO events per chromosome per tomato generation (Sherman and Stack, 1995) . Furthermore, CO in tomato between segments derived from S. pennellii and S. habrochaites (formerly Lycopersium hirsutum) is 15-30% of homologous (or intraspecies) levels (Van Wordragen et al., 1996; Monteforte and Tanksley, 2000) . Apparently, such sequence divergence affecting meiotic and mitotic recombination is a more general phenomenon and has also been observed in, for example, maize (Dooner and Mart ınez-F erez, 1997), yeast (Chen and Jinks-Robertson, 1999) and Arabidopsis (Li et al., 2006) . However, while one could expect the frequency of recombination to be positively correlated with the level of homology between parental lines, various studies comparing the genetic map length of intraspecific and interspecific crosses within the tomato clade (Grandillo et al., 2011), which is indicative for the frequency of meiotic recombination, show contrasting results. Genetic map lengths based on intraspecific and interspecific crosses appeared similar to the tomato genetic map length (Tanksley et al., 1992; Paran et al., 1995; Grandillo and Tanksley, 1996; Saliba-Colombani et al., 2000) , whereas a map using the same set of genetic markers for the interspecific map S. lycopersicum 9 S. pennellii was longer than that of S. lycopersicum 9 Solanum chmielewskii Tanksley et al., 1988) . The decreased recombination frequency for the latter species appears rather to correlate with more frequent large structural differences (Anderson et al., 2010) , notwithstanding a higher sequence divergence for S. pennellii (Aflitos et al., 2014) .
Strong variation in other species like maize and Drosophila has also been observed and seems to be dependent on the sex identity of the gametes. Recombination rates in plants are known to differ between male and female meiosis, but such a genome-wide reduction in CO is not found consistently. De Vicente and Tanksley (1991) used a single F 1 plant for backcrossing to each of the parents, S. lycopersicum and S. pennellii, and found significantly less recombination for male gametes at all levels. In contrast, Drouaud et al. (2007) found the opposite for Arabidopsis chromosome 4, in which male CO rates were higher (up to four times the mean value), whereas female CO rates were equal to or even below the chromosomal average. More recently, Phillips et al. (2015) again showed higher overall recombination rates in female meiosis, but also demonstrated a profound effect of temperature on recombination rates in the pericentromeric regions. Thus, while tempting, care should be taken if extrapolating the results for species in the tomato clade and for plants in general, as apparently many factors influence the outcome on recombination frequency and location of COs.
In addition, we found many cold regions larger than 100 kb. Three of them are positioned in the 65.5-66.3 Mb region of chromosome 3L and two of them are positioned inside the 41.8-42.3 Mb region in chromosome 6L which are depleted of PAVs (Table S2 ). In these two regions, the lack of PAVs points to an introgressed segment in chromosome 6L and a candidate introgressed segment in chromosome 3L. The other cold regions in the euchromatin of several chromosomes suggest that structural rearrangements such as inversions may be present, preventing proper chromosome pairing and blocking recombination, as described above. Indeed, Anderson et al. (2010) showed substantial changes in chromosome structures among species of the tomato clade. Among the unusual synaptic configurations for S. lycopersicum 9 S. pimpinellifolium F 1 hybrids, mismatched kinetochores and mismatched ends, and foldbacks were found that may restrict meiotic recombination. Besides structural differences, a reduced recombination frequency between homeologous chromosomes could be due to selection against parental allele combinations during RIL propagation, as has been described for tomato 9 S. pimpinellifolium and tomato 9 S. pennelli hybrids (Paran et al., 1995) . Interestingly, we observed a lack of COs in euchromatic regions of chromosomes 2L, 10L and 11L for which markers associated with transmission ratio distortion and hybrid incompatibility have been found (Pertuz e et al., 2002; Albrecht and Chetelat, 2009) .
The tomato chromosome morphology has been extensively studied, consisting of long stretches of euchromatin in both chromosome arms, flanked by heterochromatin at the telomere ends and the centromere (Ganal et al., 1991; De Jong et al., 2000; Chang et al., 2008) . Subsequent studies revealed approximately 220 Mb of euchromatin in the 12 tomato chromosomes (Peterson et al., 1996; Chang et al., 2008) with substantially higher densities of recombination, genes and transcripts (The Tomato Genome Consortium, 2012) . In all chromosomes we found COs resulting from recombination mostly at the ends of the chromosomes where euchromatin is present, which is consistent with the homologous recombination distribution found by Sherman and Stack (1995) . In yeast, smaller chromosomes undergo more DSBs than larger ones (Pan et al., 2011) and undergo more COs per kilobase (Kaback et al., 1999) . It has been speculated that smaller chromosomes may have a longer window of opportunity to make DSBs and that this somehow results in the observed variation in CO density (Lam and Keeney 2015) . Therefore we assessed a possible correlation between effective chromosome size and CO by comparing CO frequency and euchromatin size for each of the 12 chromosomes. Our results show that the COs in homeologous segments are not uniformly distributed over the normalized euchromatin length. We find a clear anti-correlation with euchromatin arm size, except for chromosomes 6 and 11 that show similar or higher CO frequency along the long arms, respectively.
Crossover behaviour
Our results show that the most frequently overrepresented sequence motifs at CO sites in homeologous segments are poly-A stretches, poly-T stretches, AT-rich motifs and CCN repeats. Interestingly, the CCN repeat has previously been described to be enriched in CO regions and associated with recombination within Arabidopsis genes but not within promoters, and linked to increased chromatin accessibility (Shilo et al., 2015) . Poly-A regions have been reported to be nucleosome-free regions that are targeted by the recombination machinery in yeast (Wu and Lichten, 1994; Pan et al., 2011) and Arabidopsis (Wijnker et al., 2013) . Also AT-rich motifs, typical of and mainly occurring in non-coding and promoter regions, seem to be CO targets in Arabidopsis (Wijnker et al., 2013) . One might assume that the molecular mechanisms underlying recombination between homologous and homeologous sequences are the same and would involve similar sequence motifs. Indeed, the overrepresented sequence motifs involved in CO of homeologous segments from S. lycopersicum and S. pimpinellifolium substantiate this idea. One intriguing possibility to explain the presence of these motifs could be that transcription is somehow linked to the recombination machinery, promoting recombination. Transcription and recombination involve mechanistic similarities such as DNA unwinding and protein recruitment. Indeed, evidence from lower and higher eukaryotes has accumulated pointing to enhanced recombination at transcriptionally active DNA, a phenomenon known as transcription-associated recombination (TAR) (Gottipati and Helleday, 2009 ). For example, in Schizosaccharomyces pombe mitotic and meiotic CO was stimulated at higher transcribed genes and the most highly transcribed allele was the preferred acceptor of genetic information (Grimm et al., 1991) . The mechanism, however, remains elusive, and both 'collision' and 'accessibility' theories have been postulated to explain TAR. The observed enhanced recombination in promoter regions might thus be explained by the local structural conformation of the DNA that is accessible for both replication and recombination complex formation and DNA-transcription initiation complex formation, the latter, for example, being needed to transcribe genes promoting recombination such as DNA damage repair proteins. Alternatively, colliding transcription complexes and replication forks at promoter regions stalling the replication could be followed by subsequent recruitment of recombination machinery factors to resolve the collision via recombination. However, this potential relation between recombination and transcription in tomato remains speculative.
It is interesting though that the motifs in tomato and S. pimpinellifolium enriched at recombination regions are different from those observed in other organisms, for example maize (Rodgers-Melnick et al., 2015) , human or Drosophila, pointing at different modes of operation and regulation of recombination. Recombination in tomato and S. pimpinellifolium was found to be enriched near TSSs. It has been suggested that the absence of a hotspot-associated protein such as PRDM9, binding to a specific short CCN repeat motif, could provide the recombination machinery with more flexibility to access alternative sites such as promoter regions, indicating that the localization of recombination in tomato and Arabidopsis works differently from, for example, mouse and human. Indeed, PRDM9 knock-outs in mice showed that recombination is initiated at promoters, suggesting that sequence-specific binding of PRDM9 directs the recombination machinery away from gene-promoter regions (Brick et al., 2012) . In this respect our observations are in line with the 'windows of opportunity' model proposed for Arabidopsis, dogs and yeast (Lichten, 2008; Auton et al., 2013; Choi et al., 2013; Wijnker et al., 2013; Lam and Keeney, 2015) .
The InterPro domains found in genes near recombination sites are enriched for the DNA break repair class. This may be the result of co-evolution of DNA breaks and genes involved in DNA damage repair. Genes responsible for DNA break repair may be connected to promoter regions that are open and accessible for recombination, because these genes need to be transcribed at appropriate levels in case DNA needs to be repaired by hom(e)ologous recombination. In the 'window of opportunity' model mentioned above, this would imply a higher likelihood for these regions to be involved in a recombination event.
In conclusion, we have determined the distribution, position, and genomic characteristics of recombination events for 52 genome sequences of F 6 tomato RILs from a cross between S. lycopersicum and S. pimpinellifolium. These results provide valuable information for developing a genome-wide predictor for potential recombination sites, aiming at assisting breeders for breeding parent selection and targeted introgression hybridization breeding.
EXPERIMENTAL PROCEDURES Sequence data
Previously, RILs were constructed from an interspecific cross between S. lycopersicum (accession LA2706) and S. pimpinellifolium (accession CGN14498), which were used as the male and female parent, respectively (Aflitos et al., 2014) . F 1 offspring plants were subsequently selfed and advanced to the F 6 generation (Aflitos et al., 2014) . The sequences of 60 F 6 RILs and parental plants were downloaded in BAM file format from the European Nucleotide Archive (ENA, http://www.ebi.ac.uk/ena) under project number PRJEB6659. Parental lines were sequenced with an average read depth of 20-45 and the RIL offspring were shallow sequenced with an average read depth of 3-12. Reads from RILs and parental lines were mapped against SL2.40 of S. lycopersicum cv. Heinz 1706 LA4345, using BWA (Li and Durbin, 2009) . For subsequent analyses, we only considered locations at which a minimum of four reads map uniquely, each at a minimum mapping quality of 60, and for which the base quality of the variant nucleotide was at least 20 in each read. SNPs were called using SAMTOOLS and then remapped to the latest SL2.50 assembly using the NCBI Genome Remapping Service (http://www.ncbi.nlm.nih.gov/genome/tools/remap) to retrieve a set of initial SNP locations.
Heterozygosity check
The heterozygosity levels in the RILs were calculated from the variant call format (VCF) data by dividing the number of heterozygous SNPs by the total number of SNPs in each RIL. Taking into account average heterozygosity levels in RILs from interspecific crossing, as observed previously by Paran et al. (1995), F 6 RILs showing a genome-wide heterozygosity profile above 15% were discarded.
Haplotyping and identification of CO sites
The composition of a RIL genome can be represented as a set of consecutive haplotypes inherited from either parent. A haplotype change thus coincides with a CO event. To haplotype the RILs, we first determined a set of discriminative allele locations, i.e. genomic positions at which the genotype varies between both parents, S. lycopersicum and S. pimpinellifolium. Per RIL, discriminative allele locations were then assigned to either parent, yielding a set of parent-assigned variants (PAVs). Haplotype blocks consisting of consecutive variants originating either from the S. lycopersicum or S. pimpinellifolium parent were then reconstructed.
To detect COs in RILs we searched for regions in the genome containing at least 200 PAVs. We applied a sliding window approach, allowing 95% overlap between two adjacent search windows. A putative CO region was called only when at least 80 of the 100 PAVs on the left of the site were assigned to S. lycopersicum and 80 of the 100 PAVs on the right to S. pimpinellifolium (or vice versa). We set these parameters to minimize the risk of false CO detection, keeping in mind the 1.8 CO occurrences found on average per chromosome per generation (Sherman and Stack, 1995) . Regions overlapping with sequence gaps, as identified by stretches of N base calls in the S. lycopersicum reference genome sequence, were discarded to eliminate possible false positives that could arise from assembly errors in the tomato reference genome. To further exclude false positives, such as heterozygous SNPs from local read mapping or sequencing errors, putative CO regions exceeding a local heterozygosity level above 10% were also discarded. This local heterozygosity level threshold was defined according to the observed distribution of SNPs in regions containing at least 200 PAVs, which displays a sharp decrease after 10%. Furthermore, to test whether copy number variation (CNV) in a putative CO region causes false positives, both parents were assessed for possible CNV in the regions containing multiple COs. This was done by the coverage of the raw sequence data from the corresponding CO region to the average genome coverage. The borders for each filtered CO region were then subsequently set according to the corresponding reference genome positions of the two PAVs neighbouring the CO site.
Euchromatic region determination
Tomato chromosome morphology has been well studied by cytogenetic analysis of pachytene chromosomes, which display long continuous stretches of less condensed euchromatin in chromosome arms flanked by highly condensed heterochromatin at the telomere ends and centromeres (Ganal et al., 1991; De Jong et al., 2000; Chang et al., 2008) . The euchromatin-heterochromatin borders for each arm were calculated according to Stack et al. (2009) . Briefly, the average length and heterochromatin length (in micrometres) of each pachytene chromosome arm based on 100 complete synaptonemal complex (SC) sets was calculated based on table 1 of Sherman and Stack (1992) . Then, the euchromatin length of each chromosome arm was calculated simply by subtracting the heterochromatin length from the corresponding arm length. Subsequently, the euchromatin lengths were multiplied with the euchromatin DNA density (1.54 Mb lm
À1
) to obtain the euchromatin length of each chromosome arm in megabases. The euchromatin-heterochromatin borders were then set based on the length of each euchromatin region (see Data S1).
Sampling of random CO regions
To generate a background CO distribution for testing over-and underrepresented regions, we sampled n genomic positions per euchromatic region in each of the chromosome arms per RIL (chromosome 2 only has a long arm, thus comprising 23 arms in total), where n is the number of CO events in a particular RIL observed for each euchromatic region. The heterochromatin is not taken into account as recombination is considered to be rare in these regions (Sherman and Stack, 1995) , which was confirmed by our observations. We then determined the nearest bordering PAVs for each of the random positions and subsequently filtered these random positions using the same criteria as for observed CO regions. In this way, the distributions of the locations and the interval length of random CO regions faithfully represent those observed in RILs. The whole process was repeated to generate 10 000 random CO sets.
Sequence motif discovery
Sequence motif discovery was done with the MEME suite (Bailey et al., 2009) . To construct the set of sequences used for motif search, CO regions larger than 1 kb were not taken into account considering the high uncertainty of the location of the actual CO and to minimize excessive noise arising from using large sequence intervals. CO regions smaller than 1 kb (n = 490) were extended to 1 kb (equally on both sides from the midpoint) and used as input for MEME and DREME. MEME found overrepresented motifs occurring zero times or once per region (zoops mode), using the reverse complement activated mode to include both DNA strands which may be accessible to the recombination machinery, with a minimum and maximum motif length of 6 and 50, respectively, and the dinucleotide frequencies of the tomato reference genome as background. For DREME motif discovery, we used an E-value cutoff and maximum motif length of 0.1 and 50, respectively, and the random recombination sets as a background. Subsequently, motifs found by DREME were compared with the JASPAR CORE 2016 plant database of TF-binding sites using the Tomtom algorithm with default settings (Gupta et al., 2007) .
Gene feature distribution
To assess whether COs between homeologous chromosomes or segments correlated with specific genomic features (e.g. untranslated regions, exons, introns), we determined the nearest gene features to CO regions using the ITAG2.3 annotation for the tomato reference genome (https://solgenomics.net/). The distance between the midpoint of the region and the nearest coordinate of the closest annotated feature was calculated with BEDtools' closest ÀD option. The same procedure was applied to each random set, resulting in 10 000 random distributions of nearby gene features. To be consistent with these random samples, we only compared CO regions present in euchromatic regions to random CO region sets.
Protein domain and GO enrichment analysis
Genes (partially) within a distance of 7.5 kb from the midpoint of CO regions were analysed for InterPro protein domain enrichment with respect to the 10 000 random recombination site sets. The distance threshold was defined considering an average gene size of 3.3 kb (The Tomato Genome Consortium, 2012). The domain information for unique genes (n = 1843) overlapping with the CO regions was obtained from the ITAG 2.3 functional protein annotation. Significantly overrepresented InterPro domains were selected using a Pvalue adjusted for multiple testing (Bonferroni) with a cutoff of 0.05.
Identification of hot CO and euchromatic cold regions (CO-dense and CO-depleted regions)
To identify hot CO regions, we estimated CO density for each chromosome using the R function 'density' to produce a kernel density estimate. Each CO event is represented by a single Gaussian kernel, with the bandwidth set to 20 000 nucleotides (nt) after manual inspection of the resulting densities. The density was estimated every 1000 nt and an empirical P-value was estimated at each local maximum using kernel density estimates in the random recombination region sets, which were calculated in the same way as for the observed recombination set. Significant hot regions were then called by adjusting these P-values for multiple testing (Bonferroni) and using a cutoff of 0.05. Cold regions were determined using the same approach, but at every 1000-nt position, employing a P-value cutoff of 0.05 without Bonferroni correction to include the regions negatively affected by the large bandwidth (20 000 nt) on the edges (or radius) of kernels. Consecutive cold regions, 10 kb apart at most, were merged. Only cold regions exceeding 100 kb are reported.
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